ytokinesis in many eukaryotes requires an actomyosin contractile ring. Here, we show that in fission yeast the myosin-II heavy chain Myo2 initially accumulates at the division site via its COOH-terminal 134 amino acids independently of F-actin. The COOH-terminal region can access to the division site at early G2, whereas intact Myo2 does so at early mitosis. Ser1444 in the Myo2 COOH-terminal region is a phosphorylation site that is dephosphorylated during early mitosis. Myo2 S1444A prematurely accumulates at the future division site and C promotes formation of an F-actin ring even during interphase. The accumulation of Myo2 requires the anillin homologue Mid1 that functions in proper ring placement. Myo2 interacts with Mid1 in cell lysates, and this interaction is inhibited by an S1444D mutation in Myo2. Our results suggest that dephosphorylation of Myo2 liberates the COOH-terminal region from an intramolecular inhibition. Subsequently, dephosphorylated Myo2 is anchored by Mid1 at the medial cortex and promotes the ring assembly in cooperation with F-actin.
Introduction
Cells must assure correct spatial and temporal coordination of mitosis with cytokinesis so that each daughter cell will receive proper genetic materials and cellular components. In eukaryotes, cytokinesis requires assembly of the actomyosinbased contractile ring (CR) at the cell cortex where cell division takes place. However, molecular mechanisms of positioning of the division plane and following assembly of the CR have been poorly understood.
Myosin-II, hereafter referred to as myosin, is believed to be a molecular motor that generates force for cytokinesis by interacting with actin filaments at the CR. The myosin molecule consists of a pair of heavy chains and two pairs of light chains. Each heavy chain has an NH 2 -terminal motor domain and a long ␣ -helical tail that allows the molecules to assemble into bipolar filaments. Recently, several lines of evidence have suggested that myosin localizes at the division site independently of actin filaments. Mutated myosin defective in binding with actin filaments still accumulates at the division site in Dictyostelium discoideum cells (Zang and Spudich, 1998) and fission yeast cells (Naqvi et al., 1999) . Myosin localization at the CR is maintained in the absence of actin filaments in isolated cleavage furrow of sea urchin egg (Schroeder and Otto, 1988) , budding yeast cells (Bi et al., 1998) , and fission yeast cells (Naqvi et al., 1999) . Furthermore, accumulation of myosin at the division site appears to occur earlier than that of actin filaments in budding yeast cells (Lippincott and Li, 1998) , fission yeast cells (Motegi et al., 2000) , and Xenopus laevis egg (Noguchi and Mabuchi, 2001) . However, it is unclear how myosin is targeted to the division site.
The fission yeast Schizosaccharomyces pombe is an attractive model system to study the coordination of mitosis with cytokinesis. The cylindrical S. pombe cells undergo symmetrical division using a medial CR as in higher eukaryotes (for review see Le Goff et al., 1999) . The CR assembles during mitosis before nuclear division is achieved, and then contracts during septation (Marks and Hyams, 1985; Kitayama et al., 1997) . Position of the nucleus, not the mitotic spindle, may determine the site for formation of the CR . Several genes involved in proper placement of the CR have been identified, including mid1 / dmf1 Sohrmann et al., 1996) and plo1 (Bahler et al., 1998) . Mid1 localizes at both nucleus and medial cortex overlying the nuclei during interphase, suggesting that Mid1 may function as a molecular link that positions the CR near the nucleus (Sohrmann et al., 1996; Paoletti and Chang, 2000) . The Polo kinase Plo1 appears to have a role in regulating the behavior of Mid1 probably by phosphorylation (Bahler et al., 1998) . However, little is known about how Mid1 and Plo1 promote reorganization of the actin cytoskeleton during early mitosis.
The fission yeast has two myosin heavy chains, Myo2 and Myp2/Myo3 (Benzanilla et al., 1997; Kitayama et al., 1997; May et al., 1997; Motegi et al., 1997) , both of which localize at the CR during cytokinesis. Myo2 is essential for viability of the cell and cytokinesis, whereas Myp2/Myo3 is required for cytokinesis under certain conditions. We have previously shown that Myo2 assembly into the CR consists of two steps (Motegi et al., 2000) . Myo2 initially accumulates as multiple dots at the medial cortex independently of F-actin. Subsequently, these Myo2 dots are converted into filamentous structures, and then coalesce into a ring in a manner dependent on F-actin. The latter step also requires motor activity of Myo2 (Naqvi et al., 1999) and function of Rng3, a protein containing a UCS domain that is thought to be a molecular chaperon for myosin (Wong et al., 2000; Barral et al., 2002) .
In this paper, we focused on the mechanism of initial accumulation of Myo2 at the division site. We identified the minimum sequence of Myo2 that is both necessary and sufficient for the accumulation. Our data suggest that the accumulation of Myo2 is coordinated with mitosis through dephosphorylation at S1444 of Myo2. Mid1 anchors dephosphorylated Myo2 at the cortex overlying the nucleus, and then the cortical Myo2 promotes assembly of the CR in cooperation with F-actin.
Results
A COOH-terminal region of Myo2 is necessary and sufficient for the accumulation at the division site In S. pombe cells, truncated myosin that lacks the motor domain accumulates at the division site (Naqvi et al., 1999; Mulvihill et al., 2001 ). To identify a specific sequence of Myo2 for the accumulation, we examined localization of a series of truncated Myo2 in myo2 null ( myo2 ⌬ ) cells. Although Myo2 tail appears to be entirely ␣ -helical, the sequence predicts presence of a gap due to a cluster of proline residues at 1390-1400 aa (Benzanilla and Pollard, 2000) . Thus, we constructed a series of truncates cut apart at the gap ( Fig. 1 A) : entire tail (Myo2t, 781-1526 aa), NH 2 -terminal region of the tail (Myo2Nt, 781-1393 aa), COOHterminal region of the tail (Myo2Ct, 1394-1526 aa), and Localization of these truncates expressed in myo2 ⌬ cells and effect of overexpression of these truncates in wild-type cells are also shown. (B) Immunoblotting of extracts from cells expressing truncates of Myo2. Diploid cells ( myo2 ϩ / myo2::ura4 ϩ ) carrying constructs for the expression were grown in the medium containing thiamine, and then transferred into the medium without thiamine for 20 h. Extracts were prepared and analyzed by SDS-PAGE followed by immunoblotting using anti-HA antibodies (top) and anti-␣ -tubulin antibodies (bottom). Top asterisk indicates a slower migrating HA-Myo2Ct and bottom asterisk indicates a faster migrating one. White line indicates that intervening lanes have been spliced out. (C) Localization of Myo2 truncates in myo2 ⌬ cells. Diploid cells ( myo2 ϩ / myo2::ura4 ϩ ) expressing the Myo2 truncates were induced to undergo meiosis in a liquid medium. Spores were isolated and inoculated into a medium where only those bearing both the myo2::ura4 ϩ allele and the constructs could germinate. Germinating spores were fixed and stained simultaneously with anti-HA antibodies (top) and DAPI (bottom). White lines indicate that intervening lanes have been spliced out. Bar, 3.3 m. (D) Growth of wild-type cells carrying construct for expression of HA-Myo2 (Fl), HA-Myo2t (T), HA-Myo2Nt (Nt), HA-Myo2Ct (Ct), both HA-Myo2Nt and HA-Myo2Ct (Nt ϩ Ct), or empty vector (V). These cells were grown at 30 Њ C on a plate without thiamine (top) or that containing thiamine (bottom). (E) Effects of overexpression of Myo2 truncates on cell morphology and septum formation. Cells carrying the constructs were grown at 30 Њ C for 20 h in the absence of thiamine, and then stained with Calcofluor. Bar, 3.3 m.
Myo2 lacking the Myo2Ct region (Myo2 ⌬ Ct, 1-1393 aa). Localization of each truncate tagged at the NH 2 terminus with HA epitope was observed in the myo2 ⌬ cells. Expression of the HA-tagged truncate was confirmed by immunoblotting (Fig. 1 B) . Either HA-Myo2t or HA-Myo2Ct was found as multiple dots at the cortex between segregating nuclei, which is the expected division site (Fig. 1 C) . In contrast, neither HA-Myo2Nt nor HA-Myo2 ⌬ Ct showed any specific localization in these cells (Fig. 1 C) . Truncated HAMyo2Ct that lacked 10 aa from either NH 2 -or COOH-terminal did not accumulate at the division site (unpublished data). These results indicate that the Myo2Ct region is necessary and sufficient for the accumulation in the absence of the wild-type protein.
Overexpression of Myo2Ct specifically inhibits formation of the CR Next, we examined phenotype of cells overexpressing the Myo2 truncates. Each construct for expression of the HAtagged Myo2 truncate under the nmt1 thiamine repressible promoter (Maundrell, 1989) was transformed into the wildtype strain. All the transformants grew well on a plate containing thiamine. However, in the absence of thiamine cells carrying the construct for HA-Myo2, HA-Myo2t, HAMyo2Ct, or both HA-Myo2Nt and HA-Myo2Ct failed to form colonies, whereas those carrying the construct for HAMyo2Nt or empty vector grew well (Fig. 1 D) . Cells overexpressing either HA-Myo2t or HA-Myo2Ct were elongated due to a defect in cytokinesis, whereas cells overexpressing HA-Myo2Nt showed a normal morphology (Fig. 1 D) . These results indicate that expression of the Myo2Ct region causes failure in cytokinesis.
To further investigate effects of HA-Myo2Ct expression on cytokinesis, we examined distribution of F-actin during the first mitosis after increase of the expression. The cdc25-22 temperature-sensitive mutant cells arrest cell cycle at G2 in the absence of Cdc25 activity, and restoring the activity results in rapid commitment to mitosis. Thus, cdc25-22 cells expressing HA-Myo2Ct were arrested at G2 by temperature shift from the permissive temperature 25 Њ C to the restrictive temperature 37 Њ C. The resultant cells were released by shifting to 25 Њ C. Progression of nuclear division in these cells was similar to that in control cells (Fig. 2 B) . F-actin distribution in G2 cells expressing HA-Myo2Ct was similar to that of control G2 cells; F-actin patches were concentrated at both cell ends, and F-actin cables were oriented along the long axis of the cell (Fig. 2 A) . 50 min after release from the G2 arrest, 79% of mitotic cells expressing HA-Myo2Ct formed a spot of F-actin from which F-actin cables emanated like aster at the medial region, whereas 82% of mitotic cells carrying empty vector formed a well-defined ring of F-actin at the medial cortex (Fig. 2, A and C) . A ring structure of F-actin was never observed through mitosis in the HA-Myo2Ct-expressing cells. Components of the CR, both endogenous Myo2 and Cdc4, accumulated at the aster/spot structure along with F-actin (unpublished data), suggesting that this structure represents an abnormal-shaped CR or a precursor of the CR. These results indicate that expression of Myo2Ct specifically inhibits CR formation.
Myo2Ct accumulates at the division site during early G2, whereas either Myo2 or Myo2t accumulates there during mitosis Next, we examined localization of Myo2 truncates containing the Myo2Ct region in synchronized cdc25-22 cells. Either the cells expressing HA-Myo2Ct or those expressing HA-Myo2t were arrested at G2 and released as described in the previous section. Interestingly, HA-Myo2Ct accumulated as multiple dots at the medial cortex in the G2 cells, whereas HA-Myo2t showed no specific localization in these cells (Fig. 3 A) . 30 min after the release from G2 arrest, either HA-Myo2Ct or HA-Myo2t was found as multiple dots at the medial cortex where F-actin formed a spot/aster structure (Fig. 3 A) . HA-Myo2Ct was also observed at the future division site in asynchronous wild-type cells expressing HAMyo2Ct (50% of total cells and 72% of interphase cells; Fig.  3 , B and D). HA-Myo2Ct was observed at the medial cortex of the G2 cells that coexpressed HA-Myo2Nt (Fig. 3 C) , indicating that the coexpression of HA-Myo2Nt did not inhibit the accumulation of HA-Myo2Ct.
To determine the cell cycle stage at which HA-Myo2Ct accumulates at the future division site, we analyzed kinetics of HA-Myo2Ct localization through the cell cycle (Fig. 3 Effects of HA-Myo2Ct overexpression on F-actin organization (A and C) and progression of nuclear division (B) during G2 and mitosis. cdc25-22 cells carrying empty vector or construct for expression of HA-Myo2Ct were cultured at 25ЊC in medium containing thiamine, and then transferred to the medium without thiamine. 12 h after the removal of thiamine, the cells were shifted to 37ЊC for 3.5 h to arrest cell cycle at G2. A half of the culture was maintained at 37ЊC, while the other was returned to 25ЊC for 50 min. The cells were fixed and stained simultaneously for DNA and F-actin. Progression of nuclear division and medial accumulation of F-actin aster, spot, or ring were analyzed at 10-min intervals after the return to 25ЊC. Arrow indicates a spot/aster structure. Bar, 10 m. D). First, the cdc25-22 cells expressing HA-Myo2Ct were synchronized at various cell cycle stages by release from the G2 arrest. From 100 to 120 min after the release, when most cells had completed previous cell division, HA-Myo2Ct was found at the future division site in a significant population (65%) of the daughter cells. Next, we observed localization of HA-Myo2Ct in synchronized cdc10-V50 cells by release from the G1 arrest (Mitchison and Nurse, 1985) . The cells expressing HA-Myo2Ct at G1 showed no specific localization of HA-Myo2Ct (Fig. 3 D) . At 30 min after the release, HA-Myo2Ct was predominantly found at the next division site (Fig. 3 D) . HA-Myo2Ct was not observed at the medial region in hydroxyurea-treated cells in which DNA synthesis was arrested (Fig. 3 D, HU arrested) . Transition of distribution of F-actin patches from mono-to bipolar fashion (new end take off [NETO] ) has been shown to occur during early G2 (Mitchison and Nurse, 1985) . To investigate if NETO is required for the premature accumulation of HA-Myo2Ct, we first observed localization of both F-actin patches and HA-Myo2Ct in asynchronous wild-type cells. The advanced accumulation of HA-Myo2Ct was observed in interphase cells showing bipolar distribution of F-actin patches, but not in cells showing monopolar distribution of F-actin patches (Fig. 3 B) . Then, we observed HA-Myo2Ct localization in NETO-deficient mutant ssp1 ⌬ cells (Rupes et al., 1999) . In G2-arrested ssp1 ⌬ cdc25-22 cells, HA-Myo2Ct predominantly accumulated at the future division site (Fig. 3 D) . These results indicate that Myo2Ct prematurely accumulates at the future division site during early G2 in a manner independent of NETO.
Dephosphorylation of S1444 in Myo2 is involved in temporal control of the Myo2 accumulation at the division site
Immunoblotting on extracts from asynchronous cells expressing HA-Myo2Ct showed that anti-HA antibodies recognize two closely migrating bands of ‫ف‬ 13-15 kD on SDS-PAGE ( Fig. 1 B) . Both bands increased after prolonged expression (unpublished data) but were absent in extracts from wild-type cells (Fig. 1 B) . Treatment of immunoprecipitated HA-Myo2Ct with alkaline phosphatase reduced the amount of the slower migrating component but increased that of the faster migrating one, whereas treatment with inactivated phosphatase did not affect the band pattern (Fig. 4 A) . These results suggest that the slower migrating band represents phosphorylated forms of HA-Myo2Ct. The Netphos 2.0 program estimated that five amino acid residues in Myo2Ct have a probability ( Ͼ 0.5) of sites for phosphorylation: these are T1400, S1444, S1472, S1505, and S1518. To identify the residue that contributes to the mobility change of HA-Myo2Ct, each of these residues was replaced with alanine to mimic a dephosphorylated form. Extracts from cells expressing each mutated HA-Myo2Ct were analyzed by immunoblotting. Of these mutated HA-Myo2Cts, only HA-Myo2Ct S1444A migrated at the position of the These cells were fixed and stained simultaneously for HA-Myo2Ct and F-actin. At least 50 cells were examined for each strain under the specified condition and mean values ( n ϭ 3) are plotted. dephosphorylated form (Fig. 4 B) . In contrast, HA-Myo2Ct S1444D that mimics a phosphorylated form migrated at the position of the phosphorylated form (Fig. 4 B) . Treatment with phosphatase or inactivated one did not affect the band pattern of the mutated HA-Myo2Cts (unpublished data). These results suggest that S1444 is the phosphorylation site that contributes to the mobility change upon SDS-PAGE. To examine whether or not phosphorylation state of S1444 changes during mitosis, we performed immunoblotting on extracts from synchronized cdc25-22 cells expressing HAMyo2Ct (Fig. 4 C) . HA-Myo2Ct migrated as both the phosphorylated and dephosphorylated forms during G2-arrest. At 40 min after the release, HA-Myo2Ct was predominantly in the dephosphorylated form. HA-Myo2Ct in the extract of arrested cdc10 cells was predominantly found as the phosphorylated form on SDS-PAGE (unpublished data). Thus, it is suggested that dephosphorylation of HAMyo2Ct is promoted during early mitosis.
To investigate the role of S1444 phosphorylation, HAMyo2 S1444A or HA-Myo2 S1444D was expressed in the myo2 ⌬ cells. Cytokinesis defect in the myo2 ⌬ strain was suppressed by expression of HA-Myo2 S1444A but not by that of HA-Myo2 S1444D (Fig. 4 D) . HA-Myo2 S1444A localized at the CR in the myo2 ⌬ cells, whereas HA-Myo2 S1444D failed to accumulate at the expected division site in these cells (Fig. 4 D) . Myo2 S1444A-expressing cells tended to be round and shorter than wild-type cells; they underwent septation at a length of 7.5 m in average, approximately half the length of the wild-type cells (Fig. 4 D) . Neither anucleate nor mononucleate septated cells were observed (Fig. 4 D) .
The finding that dephosphorylation of S1444 is promoted during early mitosis raised a possibility that expression of dephosphorylated form of Myo2 may cause some defect in interphase cells. To test this possibility, we examined localization of Myo2 S1444A and F-actin during interphase. cdc25-22 cells in which the gene encoding Myo2 S1444A was integrated into the myo2 locus were synchronized at G2 by incubating at 37 Њ C for 4.5 h. In 48% of these cells, Myo2 Extracts were prepared and proteins were analyzed by SDS-PAGE followed by immunoblotting using anti-HA antibodies. (C) Phosphorylation state of S1444 within HA-Myo2Ct from G2 to mitosis. cdc25-22 cells expressing HA-Myo2Ct (induced for 15 h) were synchronized at G2, and then released as in Fig. 2 . Extracts were prepared from the G2-arrested cells (0 min) as well as those released from the arrest (20 and 40 min). Proteins were analyzed by SDS-PAGE followed by immunoblotting using anti-HA antibodies. (D) Phenotype of myo2 ⌬ cells expressing HA-Myo2 S1444A and those expressing HA-Myo2 S1444D. myo2 ⌬ cells expressing Myo2 S1444A (top) were grown at 30 Њ C. myo2 ϩ / myo2::ura4 ϩ diploid cells expressing HA-Myo2 S1444D were induced to undergo meiosis in a liquid medium, and spores were inoculated into a medium where only those bearing the myo2::ura4 ϩ allele could germinate (bottom). Both cells were fixed and stained simultaneously with anti-HA antibodies (red), Bodipy-phallacidin (green), and DAPI (blue). (E) Localization of Myo2 S1444A in G2-arrested cdc25-22 cells. cdc25-22 cells or cdc25-22 cells expressing Myo2 S1444A under control of the native myo2 promoter were grown at 25 Њ C and shifted to 37 Њ C for 4.5 or 5.0 h. These cells were fixed and stained simultaneously with anti-HA antibodies (right) and Bodipy-phallacidin (left). (F) Localization of HA-Myo2Ct S1444A or HA-Myo2Ct S1444D in G2-arrested cdc25-22 cells. cdc25-22 cells carrying construct for expression of HA-Myo2Ct S1444A (left) or HA-Myo2Ct S1444D (right) were simultaneously induced for 16 h and synchronized at G2 as in Fig. 2 . These cells were fixed and stained simultaneously with anti-HA antibodies (red) and Bodipy-phallacidin (green). Bars, 3.3 m. S1444A accumulated as multiple dots at the medial cortex, and accumulation of F-actin cables were also seen there (Fig.  4 E) . In 46% of the cells incubated at 37ЊC for 5 h, both Myo2 S1444A and F-actin cables were seen as a ring structure at the medial cortex (Fig. 4 E) . In contrast, neither wild-type Myo2 nor F-actin cables accumulated at the medial cortex in nontransformed cells incubated at 37ЊC for 5 h (Fig. 4 E) . Thus, it is suggested that dephosphorylation of S1444 plays an important role in promoting accumulation of Myo2 and F-actin at the division site.
Next, to investigate effects of S1444 phosphorylation on the Myo2Ct region, we examined localization of either HAMyo2Ct S1444A or HA-Myo2Ct S1444D in G2-arrested cdc25-22 cells. Either of the mutant proteins accumulated at the medial cortex of the G2-arrested cells (Fig. 4 F) , suggesting that the Myo2Ct region has the ability to localize at the division site regardless of the phosphorylation state at S1444.
It has been reported (Mulvihill et al., 2001 ) that activity of Cdc7 kinase, which is a component of septum initiation network McCollum and Gould, 2001) , and phosphorylation at S1518 of Myo2 are required for targeting Myo2 to the CR. In contrast, Wu et al. (2003) showed that GFP-tagged Myo2 form the medial ring in the absence of Cdc7 activity. We also confirmed that GFP-tagged Myo2 could form the medial ring in the cdc7-24 mutant cells incubated at the restrictive temperature of 36ЊC (unpublished data). Next, we investigated significance of phosphorylation at S1518. We created strains in which the endogenous myo2 gene was replaced with either myo2 S1518A or myo2 S1518E (Fig. 5 A) . Each mutant cells were viable at all temperatures tested, and immunolocalization experiments revealed that either Myo2 S1518A or Myo2 S1518E was recruited to the CR (Fig. 5 B) . These results indicated that neither Cdc7 activity nor phosphorylation at S1518 of Myo2 is required for accumulation of Myo2 at the division site.
Mid1 is required for initial accumulation of Myo2 at the division site
Because Mid1 forms multiple dots at the medial cortex in interphase cells, we compared distribution of Mid1 and that of Myo2. Mid1 was localized to the nucleus and to the medial cortex in early mitotic cells (Fig. 6 A) . Myo2 colocalized with Mid1 in the medial cortex (Fig. 6 A) . Thus, we investigated a role of Mid1 in the accumulation of Myo2 at the division site.
First, we analyzed localization of Myo2Ct in mid1⌬ cells. Myo2Ct-YFP was expressed in either mid1⌬ cdc25-22 or cdc25-22 cells. Although 86% of the G2-arrested cdc25-22 cells showed accumulation of Myo2Ct-YFP at the medial cortex, no specific localization of Myo2Ct-YFP was seen in the G2-arrested mid1⌬ cells (Fig. 6 B) . It was confirmed by immunoblotting that expression level of Myo2Ct-YFP in the mid1⌬ cells was similar to that in the control cells (unpublished data). These results indicate that Mid1 is required for the accumulation of Myo2Ct at the medial cortex.
Next, we asked whether or not accumulation of the Myo2 dots at the medial cortex occurs in the absence of Mid1. We monitored dynamics of GFP-Myo2 in mid1⌬ myo2⌬ cells expressing GFP-Myo2 by time-lapse imaging combined with three-dimensional reconstruction. Behavior of GFPMyo2 in the mid1⌬ cells was clearly different from that in the wild-type cells (Fig. 6 C) . In 20 of 20 cells examined, GFP-Myo2 appeared as a cortical cable structure of random orientation, but not as cortical dots overlying the nucleus. In nine cells, the GFP-Myo2 cable extended longitudinally in the cell and did not form a ring structure. In 11 cells, the GFP-Myo2 cable eventually extended in a nonorganized manner and slowly became a ring structure of variable angles at various locations in the cell. These results suggest that Mid1 is required for the dot accumulation of Myo2 at the medial cortex during early mitosis and efficient formation of the ring structure.
We analyzed kinetics of Myo2 and F-actin accumulation in the presence or absence of Mid1. In synchronized cdc25-22 cells, Myo2 accumulated as dots at the division site slightly earlier than an F-actin aster, as described previously (Motegi et al., 2000;  Fig. 6 D) . However, in synchronized mid1⌬ cdc25-22 cells Myo2 and F-actin simultaneously accumulated as an aberrant cable (Fig. 6 D) . This result raised a possibility that Myo2 and F-actin interact with each other to form the aberrant cable in the absence of Mid1. Thus, we examined if F-actin is required for Myo2 localization in the absence of Mid1. Either mid1⌬ or wild-type cells were treated with Lat-A, which quickly depolymerizes F-actin within 5 min. In the mitotic wild-type cells treated with Lat-A, both the Myo2 dots and the ring were maintained as reported previously (Naqvi et al., 1999) . In contrast, the aberrant Myo2 cable or ring in the mitotic mid1⌬ cells was disintegrated by Lat-A (Fig. 6 E) . These results indicated that Mid1 is required for maintenance of Myo2 localization at the aberrant cable or CR in the absence of F-actin. . Phosphorylation at S1518 of Myo2 is dispensable for the Myo2 accumulation. (A) PCR confirmation of the myo2 S1518A and myo2 S1518E mutants. The strains integrated with the mutant gene gave a 1.25-Kb band, whereas the wild-type strain or the strain integrated with the vector only did not give this band. (B) Immunolocalization of Myo2 S1518A and Myo2 S1518E. Cells of the indicated genotypes were grown at 30ЊC, shifted up to 36ЊC, fixed, and stained with antibodies against Myo2 (right), rhodamine-phalloidin (middle), and DAPI (left).
Finally, we tested whether or not Mid1 is physically associated with Myo2 in vivo. We were unable to prove the physical interaction between endogenous Myo2 and Mid1 by immunoprecipitation experiments because endogenous Mid1 was mostly present in a fraction insoluble in either detergent or high salt solution. Thus, we created a strain in which both Mid1-GFP and HA-Myo2, HA-Myo2 S1444A, HA-Myo2 S1444D, or HA-Myo2⌬Ct were expressed under the nmt1 promoter. Mid1-GFP was coimmunoprecipitated using anti-HA antibodies from the extract of cells expressing HA-Myo2 or HA-Myo2 S1444A but not from that of cells expressing HA-Myo2 S1444D or HA-Myo2⌬Ct (Fig. 6 F) .
HA-Myo2 or HA-Myo2 S1444A, but neither HA-Myo2 S1444D nor HA-Myo2⌬Ct, was coimmunoprecipitated using anti-GFP antibodies from the extracts. Neither of the proteins was detected in the immunoprecipitates using normal IgG. This result suggested that HA-Myo2 associates with Mid1-GFP through the Myo2Ct region when S1444 is dephosphorylated.
Discussion
After the onset of mitosis, Myo2 accumulates as multiple dots at the medial cortex independently of F-actin, and these dots , and then released by temperature shift. Localization of endogenous Myo2 was analyzed by immunofluorescence microscopy using anti-Myo2 antibodies at 15-min intervals after the release from the G2 arrest. (E) F-actin is required for retention of Myo2 at the CR in mid1⌬ cells. Either wild-type or mid1⌬ cells were cultured at 30ЊC and split into two. Lat-A was added to one half, while DMSO was added to the other. The cells were incubated for 10 min, and then fixed and stained simultaneously with DAPI (blue) and anti-Myo2 antibodies (green). Disassembly of F-actin in Lat-A-treated cells was confirmed by staining with rhodamine-phalloidin (not depicted). Bar, 3.3 m. (F) Physical interaction between HA-Myo2 and Mid1-GFP. Extracts of cells expressing both Mid1-GFP and either HA-Myo2, HA-Myo2 S1444A (HA-Myo2, A), HA-Myo2 S1444D (HA-Myo2, D), or HA-Myo2⌬Ct and those expressing either Mid1-GFP, HA-Myo2, HA-Myo2 S1444A, HA-Myo2 S1444D, or HA-Myo2⌬Ct were prepared, and were immunoprecipitated with anti-HA antibodies, anti-GFP antibodies, or normal IgG. Immunoprecipitates were analyzed by SDS-PAGE followed by immunoblotting using both anti-GFP antibodies and anti-HA antibodies.
coalesce into a ring in an F-actin-dependent manner (Motegi et al., 2000) . We identified a specific region within Myo2 for the initial accumulation. A COOH-terminal region of Myo2 consisting of 134 aa (Myo2Ct) is necessary and sufficient for the accumulation in the absence of the wild-type protein.
Overexpression of Myo2Ct fragment inhibited formation of the medial F-actin ring and cytokinesis and caused formation of a medial F-actin spot from which F-actin cables emanated. Because an asterlike structure of F-actin cables has been observed during the early step of CR formation in wild-type cells (Arai and Mabuchi, 2002) , it is likely that overexpressed Myo2Ct inhibits maturation of the F-actin ring from the aster. One possible mechanism for this inhibition is occupation of Myo2 target sites on the cortex by HA-Myo2Ct, which leads to interference with normal function of Myo2 to construct the CR. The other is sequestration by Myo2Ct of some factor, which is necessary for this step. A possible candidate for such factor is IQGAP Rng2 because rng2⌬ cells form a medial spot structure of F-actin (Eng et al., 1998) .
Interestingly, Myo2Ct accumulates at the future division site in early G2 cells, whereas either intact Myo2 or the tail region accumulates there after initiation of mitosis. These results suggest that the site for the Myo2 accumulation is present at the cortex from early G2 to mitosis, whereas timing of the accumulation is negatively controlled by modification of the tail region.
Myo2Ct fragment showed a mobility change on SDS-PAGE, which seemed to be due to its phosphorylation/ dephosphorylation. HA-Myo2Ct S1444A or HA-Myo2 S1444D migrated at the position of the dephosphorylated or phosphorylated form, respectively, suggesting that S1444 is the in vivo phosphorylation site responsible for the mobility change. Because the dephosphorylated form of HA-Myo2Ct increased during early mitosis, we consider that it is the dephosphorylated form of Myo2 that is able to accumulate at the division site. Consistent with this hypothesis, Myo2 S1444A accumulated at the medial cortex in both G2 and mitotic cells, whereas Myo2 S1444D did not. Although we cannot exclude a possibility that Myo2 S1444D was misfolded in the cell, we do not think it is the case because Myo2Ct S1444D could localize to the division site, suggesting that the S1444D substitution did not alter the structure of this region. These results indicate that regulation of S1444 is important for the Myo2 localization, although there might be other phosphorylation sites within Myo2 involved in the regulation. Thus, it is likely that the initial step of the Myo2 accumulation is suppressed by phosphorylation at S1444 during interphase and is released by dephosphorylation during early mitosis. Although Myo2 S1444A-expressing cells were short and round, cell cycle, timing of cytokinesis, and localization of both Myo2 and F-actin were normal. Further analysis will be required to address how expression of Myo2 S1444A affects cell morphology.
How does phosphorylation/dephosphorylation at S1444 negatively control the Myo2 accumulation? The Myo2Ct fragment has the ability to localize at the division site regardless of the phosphorylation state at S1444. The fact that HAMyo2t accumulates at the division site during mitosis, but not during interphase, suggests that the NH 2 -terminal region of the tail (Myo2Nt) prevents the Myo2Ct region from targeting to the medial cortex during interphase. However, overexpression of Myo2Nt fragment neither inhibited the accumulation of HA-Myo2Ct nor suppressed lethality of cells overexpressing HA-Myo2Ct. These findings lead us to speculate that a specific conformation of the Myo2 tail is necessary to suppress targeting of Myo2Ct during interphase. Thus, we propose a model for the temporal control of the Myo2 accumulation (Fig. 7 A) . Because a boundary between Myo2Nt and Myo2Ct is predicted to form a ␤-turn structure (Chou and Fasman, 1978) , the interphase Myo2 tail may bend at the boundary. Consequently, the Myo2Ct region may be masked by an upstream region. After the onset of mitosis, signals including dephosphorylation of S1444 induce a conformational change of the tail that releases the Myo2Ct region, and thereby Myo2 can access to the division site.
All nonmuscle myosin-II heavy chains studied so far possess both a hinge region and sites for phosphorylation near the COOH terminus (for review see Tan et al., 1992) . D. discoideum myosin has a bent at the hinge region located near the COOH terminus (Pasternak et al., 1989) , and phosphorylation at three COOH-terminal sites promotes bending of the tail, and thereby inhibits assembly into filaments (Egelhoff et al., 1993; Liang et al., 1999) . Because Figure 7 . Model of Myo2 accumulation at the division site. Mid1 shuttles between the nucleus and the cortex near the nucleus from interphase to early mitosis. During interphase, phosphorylation of Myo2 S1444 suppresses Myo2 to interact with Mid1 through concealing the Myo2Ct region within its conformation. After the onset of mitosis, dephosphorylation promotes an exposure of the Ct region, and then Myo2 accesses to Mid1 at the cortex overlying the nucleus. (B) Myo2 initially accumulates as dots in a manner dependent of Mid1 and independent of F-actin. F-actin initially accumulates as an aster/spot structure at the medial cortex independently of Myo2. Then, the Myo2 dots recruit and/or stabilize F-actin cables at the medial cortex and vice versa. Finally, cortical networks of Myo2 and F-actin cables are packed into a ring through an actomyosin motor activity.
myosin localization at the cleavage furrow of amoeba requires the ability to form bipolar filaments (Sabry et al., 1997) , changes in the phosphorylation state play important roles in both filament assembly and localization at the division site. Therefore, it is likely that regulation of myosin by phosphorylation/dephosphorylation is conserved among various organisms. Because we could not find any consensus sequence around S1444 of Myo2 among myosin heavy chains and any known protein kinase that exhibits consistent preference for S1444, we do not know whether the Ser residue of Myo2 is conserved or not among myosins.
What is the spatial cue for the Myo2 accumulation? The protein known so far to accumulate at the future division site is Mid1, which has been known to be required for proper positioning of the CR Sohrmann et al., 1996) . Our observations suggest that the initial accumulation of Myo2 via the Myo2Ct region is dependent on Mid1. First, Myo2Ct-YFP failed to accumulate at the medial cortex of the G2-arrested mid1⌬ cells, whereas it did in the presence of Mid1. Second, GFP-Myo2 did not assemble into dots at the medial cortex in the mitotic mid1⌬ cells. Finally, HA-Myo2 immunoprecipitated with Mid1-GFP, and the Myo2Ct region is necessary for this association. Thus, it is very likely that Mid1 associates with Myo2 through the Myo2Ct region. Furthermore, Mid1-GFP was coimmunoprecipitated with HA-Myo2 S1444A, but not with HA-Myo2 S1444D, suggesting that phosphorylation at S1444 of Myo2 inhibits the interaction with Mid1. Because position of the cortical localization of Mid1 is determined by the nucleus (Paoletti and Chang, 2000) , dephosphorylation at Myo2 S1444 will recruit Myo2 at the cortex overlying the nucleus where Mid1 localizes (Fig. 7 A) . Mid1 shows a similarity to anillin that has been identified in both Drosophila melanogaster (Field and Alberts, 1995) and human (Oegema et al., 2000) and functions in cytokinesis. It will be of interest to investigate whether or not the mechanism of myosin localization proposed here is universal among other organisms.
In spite of the absence of Mid1, Myo2 slowly formed an abnormal ring in mid1⌬ cells. This abnormal Myo2 ring disintegrated when F-actin was disassembled, in contrast to the Myo2 ring in the wild-type cells. These results suggest that process of Myo2 localization at the division site consists of two steps: the initial accumulation depends on Mid1, and then Myo2 interacts with F-actin to form the ring in which Myo2 is stabilized by both Mid1 and F-actin (Fig. 7 B) . In addition, premature accumulation of Myo2 S1444A to the division site promoted formation of F-actin ring in interphase cells. Because myosin is able to assemble F-actin of opposite polarities in vitro (Hayashi et al., 1977) , Myo2 anchored at the medial cortex may be able to organize F-actin by direct interaction with F-actin. Because F-actin seems to form the asterlike structure in a manner independent of Myo2 (Motegi et al., 2000) , it could be that F-actin assembly into the CR consists of two pathways, one dependent and the other independent of Myo2 (Fig. 7 B) .
It is an important subject to uncover upstream signals for the control of Myo2 localization during mitosis. It has been reported that Cdc7 kinase and phosphorylation at S1518 of Myo2 is required for targeting Myo2 to the CR (Mulvihill et al., 2001) . In contrast, we and others (Wu et al., 2003) showed that cdc7 mutant cells could form a medial Myo2 ring. Moreover, we confirmed that both Myo2 S1518A and Myo2 S1518E were functional and could localize to the CR. Thus, we do not favor a model in which Cdc7 is involved in the initial accumulation of Myo2 by phosphorylating Myo2 S1518. Among the proteins essential for cytokinesis, two proteins, Cdc15 (Fankhauser et al., 1995) and Plo1 (Ohkura et al., 1995) , have been known to induce CR formation in G2 cells when overexpressed. Thus, it could be that Cdc15, Plo1, or both mediate the pathway for the Myo2 accumulation. Further experiments are necessary to clarify relationships between Myo2, Plo1, and Cdc15.
Materials and methods

Strains and genetic techniques
The S. pombe strains used in this paper are listed in Table I . The dmf1-⌬F and ssp1⌬ strains were provided by V. Simanis (The Swiss Institute for Experimental Cancer Research, Epalinges, Switzerland) and I. Rupes (Queen's University, Ontario, Canada), respectively. Standard procedures for S. pombe genetics were used (Moreno et al., 1991) . Thiamine was used at 5 M to repress expression from the nmt1 promoter (Maundrell, 1989) . (2000) a Strains FM202, FM205, and FM206 were kept as transformants.
Protein extraction, immunoprecipitation, and CIAP treatment
Protein extracts were prepared in the NP-40 buffer as described by McCollum et al. (1995) . The immunoprecipitation experiment was performed as described previously (Motegi et al., 2000) . For immunoblotting experiments, proteins were subjected to SDS-PAGE, and then transferred onto a polyvinylidene difluoride membrane (Millipore). This membrane was probed with antibodies against Myo2 (Motegi et al., 2000) , Cdc4 (McCollum et al., 1995) , ␣-tubulin (Sigma-Aldrich), HA, or GFP (Santa Cruz Biotechnology, Inc.), followed by detection using secondary antibodies coupled to peroxidase. HA-Myo2Ct in the extract from cells expressing HA-Myo2Ct was immunoprecipitated, and then split into two. A half was washed twice with CIAP buffer (0.1 M Tris-HCl, pH 9.6, 2 mM MgCl 2 , 0.1 mM ZnCl 2 , and protease inhibitor cocktail described by Motegi et al., 2000) , resuspended in 10 l CIAP buffer containing 10 U of CIAP (Takara Shuzo), and incubated at 37ЊC for 15 min. The reaction was stopped by the addition of SDS-gel loading buffer followed by boiling for 3 min. The other half was mock treated. The immunoprecipitates were washed twice with CIAP buffer plus 15 mM EGTA, 5 mM NaF, and 60 mM ␤-glycerophosphate and resuspended in 10 l of the same buffer containing 10 U of CIAP that had been heat treated at 75ЊC for 10 min (modified from Fankhauser et al., 1995) .
DNA manipulations
To express a series of Myo2 truncates, DNA fragments encoding Myo2t, Myo2Nt, Myo2Ct, and Myo2⌬Ct were made by PCR against plasmid pUC119-myo2 with primers pT1f (5Ј-CCCATATGCGATTGAAGGACATA-CAAGCC-3Ј) and pT4r (5Ј-CCGGATCCTCATGCGGCGCGCAACTC-3Ј), pT1f and pT2r (5Ј-CCGGATCCTCATTTCAAAACGGGTTCCG-3Ј), or pT3f (5Ј-CCCATATGAAAGCATCTAAGGTTCCCG-3Ј) and pT4r, respectively. The forward primers (pT1f and pT3f) contained an NdeI site, and the reverse primers (pT2r and pT4r) contained an in-frame stop codon and a BamHI site, respectively. The amplified PCR fragments were cloned into the vector pUC18 at the NdeI-BamHI sites, and then sequenced. The fragment encoding either Myo2t, Myo2Nt, or Myo2Ct was excised from the plasmid and cloned between the NdeI and BamHI sites of pHA1, an HAtagging vector that carries the normal nmt1 promoter, one copy of HA, and LEU2 marker gene, yielding plasmid pLH1-m2t, pLH1-m2Nt, or pLH1-m2Ct, respectively. To replace the marker gene of the plasmid from LEU2 to ADE2, the plasmid was digested with PstI and SmaI and cloned between the PstI and SmaI sites of pREP102 that carries the ADE2 gene, yielding plasmid pAH1-m2t, pAH1-m2Nt, or pAH1-m2Ct, respectively.
For mutating S1444 in Myo2, in vitro mutagenesis was performed using the Quickchange Kit (Stratagene) and the plasmid pUC119-myo2 as a template. Point mutations were introduced according to the manufacturer's instruction using the following primers: pSAf (5Ј-GGGGCCGAAGTAG-CACCTCAACCTACTGGC-3Ј) for S1444A, and pSDf (5Ј-GGGGCCGAAG-TAGATCCTCAACCTACTGGC-3Ј) for S1444D, together with corresponding reverse primers. Mutated plasmids were amplified in bacteria, and the mutations were confirmed by sequencing. Either Myo2Ct with a mutation S1444A or that with S1444D was made by PCR against the mutated plasmid with primers pT3f and pT4r, and the amplified fragment was cloned into pHA1 as described in the previous paragraph. To obtain a mutant strain with a mutation for S1444A in the chromosomal myo2 locus, a BamHI fragment was isolated from the mutated plasmid and cloned into the BamHI site of pUC18 that carries the ura4 ϩ cassette. The resultant plasmid was linearized and the wild-type S. pombe strain was transformed with it.
To express a Myo2Ct-YFP fusion protein, both NdeI and SalI sites were created at the 5Ј and 3Ј ends of a fragment encoding Myo2Ct, respectively, with removal of the stop codon. The myo2-coding region was cloned between NdeI and SalI sites of pREP1. The fragment encoding YFP (CLON-TECH Laboratories, Inc.), at the 5Ј end of which a SalI site had been introduced, was cloned into the aforementioned plasmid after digestion with SalI and SmaI, yielding plasmid pL1m2CtY. The linkage sequence between the 3Ј end of myo2 and the 5Ј end of YFP-coding sequence was GTCGAC-CAT. The construct for expression of Mid1-GFP was provided by R. Lustig and F. Chang (Columbia University, New York, NY).
Immunofluorescence staining and microscopy
For observation of the Myo2 truncate in myo2⌬ cells, each Myo2 truncate tagged at the NH 2 terminus with HA epitope was expressed in myo2 ϩ / myo2::ura4 ϩ diploid strain JX572. These diploid cells were sporulated, and haploid spores bearing both the myo2::ura4 ϩ allele and the construct were selected. Localization of the Myo2 truncates was observed in cells undergoing second mitosis after germination. For observation of the Myo2 truncates in synchronized cells, cdc25-22 or cdc10-V50 cells were transformed with each construct encoding the HA-tagged Myo2 truncate. The cdc25-22 and cdc10-V50 cells were arrested cell cycle at G2 and G1, respectively, by culturing at 37ЊC for 4 h. Immunoblotting experiments showed that expression level of each Myo2 truncate under control of the nmt1 promoter increased 15 h after removal of thiamine from the medium. Thus, the mutant cells carrying the construct were cultured for 15 h in the absence of thiamine at 25ЊC and arrested by temperature shift to 37ЊC. The cells were released from the arrest by shifting the temperature to 25ЊC.
Cells were fixed in 3% PFA for 50 min. Immunostaining of the cells was performed as described previously (Arai et al., 1998; Motegi et al., 2000) . Anti-Dmf1/Mid1 antibodies used as primary antibodies were provided by V. Simanis. Secondary antibodies used were Bodipy-conjugated anti-rabbit IgG IgG (goat), rhodamine-conjugated anti-rabbit IgG IgG (goat), or rhodamine-conjugated anti-mouse IgG IgG (goat) (Molecular Probes). F-actin was stained with Bodipy-phallacidin (Molecular Probes). Fluorescence microscopy of GFP-containing or immunostained cells were performed with a Delta Vision System (Applied Precision) using a microscope (model IX70; Olympus) equipped with UplanApo 100ϫ objective lens at 20ЊC. Original images of serial optical sections were taken every 0.2 m in the direction of the z-axis. These images were deconvoluted, reconstructed to obtain three-dimensional images, and processed with Adobe Photoshop.
